Adaptive management of river systems assumes uncertainty and makes provision for system variability. Inherent within this management approach is that perceived limits of 'acceptable' system variability are regarded not only as testable hypotheses, but also as playing a central role in maintaining biodiversity. While the Kruger National Park currently functions as a flagship conservation area in South Africa, projected increases in air temperatures as a consequence of global climate change present challenges in conserving this biodiversity inside the established land boundaries. Within the rivers of the Kruger National Park, a management goal of maintaining biodiversity requires a clearer understanding of system variability. One component of this is water temperature, an important water quality parameter defining the distribution patterns of aquatic organisms. In this study, Chiloglanis anoterus Crass (1960) (Pisces: Mochokidae) was selected as a biological indicator of changes in annual water temperatures within the Sabie River in the southern Kruger National Park. Relative abundances of C. anoterus were determined using standard electro-fishing surveys. The presence or absence of C. anoterus was linked to cumulative annual heat units using a logistic regression model, and a critical annual cumulative water temperature threshold estimated. A correlative relationship between this temperature threshold and a biological index using a C. anoterus condition factor provides river ecologists with a tool to assess ecologically significant warming trends in Sabie River water temperatures. A similar approach could be applied with relative ease to other Southern African river systems. Further testing of this hypothesis is suggested, as part of the adaptive management cycle.
Introduction
The importance of water temperatures to aquatic biota has been well-documented (for example Elliott, 1994; Eaton and Scheller, 1996; Claska and Gilbert, 1998; Sullivan et al., 2000) . Furthermore, the accumulation of daily maximum temperatures above a critical threshold has been shown to have the greatest effect on the distribution and condition of aquatic species (Armour, 1991; Essig, 1998; Hines and Ambrose, 1998; Robison et al., 1999; Sullivan et al., 2000; Caissie et al., 2001) . Biologically, daily maximum water temperatures are significant to fish, and in particular cold-water species, which show signs of acute stress at warm (>22°C) water temperatures (Dunham et al., 2003) . For example, Hines and Ambrose (1998) found that the best predictor for the presence or absence of coho salmon Oncorhynchus kisutch (Walbaum, 1792) was the number of days a site exceeded a critical temperature threshold, and that single temperature values correlated poorly with fish presence and absence.
However, fish presence is only one measure of individual success in an environment. While fish may persist, temperature conditions may be contributing to their decline, which will be manifested as a change in condition, reflecting responses to environmental stress (Hines and Ambrose, 1998) . Thus, repeated and lasting exposure to sub-optimal thermal conditions leads to deterioration in condition. Hines and Ambrose (1998) proposed that a condition 'factor' could be linked to the number of days a threshold water temperature was exceeded. Such condition 'factors' are commonly used in biological studies to investigate seasonal and habitat differences in 'condition' or general 'wellbeing ' (Ricker, 1968) . Setting a water temperature threshold value based on the average condition of a population present at a site provides one method of determining 'unacceptable' water temperature conditions. An approach such as this can provide river managers with a predictive tool when biotic responses to abiotic drivers are linked (Rivers-Moore, 2003) , and have a degree of confidence in deciding when limits of natural variability are being exceeded. According to Rogers and Bestbier (1997) , a 'primary problem facing scientists and managers in the Kruger National Park has been to develop the potential to predict and monitor the response of biodiversity in specific river sections (i.e. within the park) to modifications in hydrology, sediment supply and water quality originating at the catchment scale'. A key management challenge is to gain insight into change in complex natural systems, and to manage this change within so-called 'natural limits'. Adaptive management, based on managing natural systems through a process of careful testing of hypotheses rather than a reactive trial and error process (Walters, 1997) , has been asserted as an approach to meeting this challenge. Rogers and Bestbier (1997) National Park, which provides a framework for translating 'visions' into reality through the implementation of hierarchically arranged goals and objectives. This 'objectives hierarchy' may be represented as a pyramid, which scales the management process from a vision (the apex of the pyramid) down to a broad base of management goals that relate to specific management objectives. A 'desired future state' for a system, such as a river, is defined, with incumbent goals, models and monitoring programmes (Rogers and Biggs, 1999) . Inherent in this approach is recognition of the role of system variability such that management approaches remain flexible enough to adapt as new insights emerge.
Managing towards this 'desired future state' is facilitated through an iterative cycle wherein system change is monitored and compared against assumed thresholds of unacceptable change (TPCs or thresholds of probable concern) that set upper and lower limits of acceptable change for the environmental systems within the Park (Rogers and Bestbier, 1997). According to MacKenzie et al. (2000) , TPCs define a range of acceptable change for chosen environmental drivers, and thus account for variability and heterogeneity exhibited by the system. Thus, TPCs are not fixed, but are modified if found to be invalid or inappropriate, and as such, can be considered as testable hypotheses on the limits of acceptable system change, based on the current level of scientific understanding.
Within this cycle, research identifies 'stressors' within the system, and suitable indicators of such change. Rogers and Bestbier (1997) suggest the use of biological indicators, which act as surrogates of measurable criteria that can be related to specific stressors (such as water temperatures) identified by conservation managers. The response of such indicators towards the stressors is measured against the relevant TPC, which is intended to providing natural resource managers with a decision-making tool to distinguish when natural variability is superseded by anthropogenic change. Change outside the limits of this acceptable variability is deemed 'TPC exceedance'. Should change be found to exceed the TPC, appropriate action may be taken, including reappraising the TPC, which is viewed as a hypothesis of the limits of acceptable change in ecosystem structure, function and composition (Rogers and Biggs, 1999) .
The Sabie catchment is believed to be the most fish speciesrich river system in South Africa, with forty-nine species of fish. Water quality and quantity issues, and how they affect species diversity, are, however, poorly understood within the catchment (Weeks et al., 1996) . Additionally, the Sabie catchment is under increasing threat from developments such as commercial afforestation, rural population growth, urban development and the construction of impoundments. Such pressures, in combination with anticipated global climate change scenarios of a doubling of CO 2 levels and an associated 2°C increase in air temperatures by 2050, make the Kruger National Park, as South Africa's flagship conservation area, vulnerable to species loss (Erasmus et al., 2002) . Managing for variation in river flows and quality, in particular water temperatures, is a key factor in maintaining habitat integrity and species diversity.
The aim of this paper is to provide a generic approach for river managers to detect changes in annual thermal regimes which may be detrimental to aquatic biota, using the Sabie River as a case study. A spatially explicit TPC is proposed to address change in the annual water temperature range in the Sabie River, where exceedance is measured using a condition factor as a biological index. The biological index is based on the response of Chiloglanis anoterus Crass (1960) (Pisces: Mochokidae), an upstream cool water species, to annual changes in water temperatures, and can be used to indicate a change in the thermal regime of the Sabie River, by measuring species response to annual water temperatures over time at a particular spatial point.
According to Majer (1993) , a species has potential value as an indicator if its presence is indicative of the existence of certain environmental conditions, whereas its absence is indicative of the absence of these conditions. C. anoterus was considered to be an appropriate indicator of annual thermal change in the Sabie River system, since this fish species met certain desirable criteria (Harris, 1995):
• Small size = rapid response to thermal change • Habitat specificity to riffles = likely to persist in thermally unsuitable habitat rather than migrating • Ease of sampling in shallow, accessible riffle areas Previous electro-fishing surveys undertaken in the Sabie River showed that C. anoterus, an abundant upstream species, is characterized by much reduced numbers in the warmer lowveld zone, with an associated decline in 'condition', in terms of a length to mass ratio (Weeks et al., 1996) . Rivers-Moore (2003) also showed that C. anoterus was a suitable indicator species of thermal change, based on comparisons with an additional four species of fish occurring in the Sabie River using microhabitat requirements and niche overlaps. Rare species were not considered because their absence from a survey is likely to be due to their rarity as much as by their absence, i.e. they are not readily sampled.
The following assumptions have been made in this study: • C. anoterus adult populations are widespread enough for these fish to act as an 'indicator' species for the fish communities in the Sabie River.
• The condition factor of C. anoterus is predominantly a function of cumulative thermal stress, although the compounding effect of additional abiotic and biotic factors is acknowledged (see, for example, Stuckenberg, 1969; Armour, 1991; Essig, 1998; Hines and Ambrose, 1998; Caissie et al., 2001 ).
• Changes in the indices of the chosen indicator species will be a precursor to a change in the fish community patterns as a whole.
Depending on how the 'desired future state' may have been defined within the adaptive management process, changes in the condition factor will assist in meeting the specific management goal of the Kruger National Park of maintaining biodiversity (Braack, 1997) , by providing an objective means of measuring thermal stress within this river system.
Methods

Study area
The Sabie catchment (24°30'S 30°30'E to 25°30'S 32°00'E) is situated in Mpumalanga Province, South Africa, and is approximately 709 600 ha in size ( 
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Kruger National Park, while significant areas are afforested in the higher western region.
Calculation of water temperature threshold for C. anoterus
Standard electro-fishing techniques using a 220v generatorpowered electro-shocker were used to sample 21 riffle sites over five-to ten-day periods within the Sabie River during October and 2001 , and May 2000 , 2001 . May and October were chosen because these months coincided with the extensive electro-fishing surveys of Weeks et al. (1996) , and because they preceded and succeeded winter flows, allowing for site accessibility. Sites ranged from 867 m a.m.s.l. to 131 m a.m.s.l, with 16 located on the Sabie River, four on the Sand River and one on the Marite River. Gender, length (mm) and mass (g) for C. anoterus adult individuals were recorded. Unadjusted relative abundance numbers were used to plot an abundance curve of C. anoterus.
Daily maximum water temperatures were obtained by taking the highest hourly water temperature recorded over a twenty-four hour period using Hobo ® single-channel data loggers (Onset, 1999) at nine sites within the Sabie catchment from 1 June 2001 to 31 May 2002. Observed water temperatures were related to twelve of the electro-fishing sites due to their relative proximity ( Fig. 1) , although coincident water temperature records were only available from June 2001 onwards. For the remaining sites on the Sabie River, water temperatures were interpolated by assuming a linear increase in daily maximum water temperatures with downstream distance. For three of the sites on the upper Sand River, water temperatures were simulated using a simple linear regression model (Eq. (1); R 2 = 0.84) based on mean daily air temperatures that were adjusted for altitude (Rivers-Moore, 2003) :
where: WT max is maximum daily water temperature AT mean is mean daily air temperature.
Maximum weekly average temperature (MWAT) that
should not be exceeded (Brungs and Jones 1977; Armour 1991) , which has previously been used to determine temperature thresholds for coho salmon Oncorhynchus kisutch, was used to calculate a critical threshold temperature (TT) for C. anoterus (Eq. (2)), using a relative abundance curve of C. anoterus along the longitudinal axis of the Sabie River as an initial starting point. While it is recognised that C. anoterus (a species occurring in cooler water habitats in the upper reaches of the Sabie River, but able to tolerate warmer water) and O. kisutch (a cold water species) are unrelated species, this temperature threshold metric was applied to C. anoterus in the absence of suitable metrics being available through similar research for fish in Southern African rivers. where:
OT is species-specific optimal temperature UUILT is the upper temperature tolerance for the species of fish being considered.
The frequency of TT exceedance for the period 1 June 2001 to 31 May 2002 was calculated based on a seven-day moving average of daily maximum water temperatures. This is a similar approach to that used by Robison et al. (1999) , who suggested characterizing water temperatures using a seven-day moving average of maximum water temperatures, as a measure representing prolonged exposure by aquatic life to high temperatures. It was assumed that the cumulative amount of heating between years would remain constant on a short-term (intra-decadal) basis, and that the use of a smoothing technique such as a 7 d moving average would negate any differences, thereby allowing the June 2001 -May 2002 water temperature time series to be applied to all electro-fishing surveys. A logistic regression model was calculated using the presence (1) or absence (0) of C. anoterus at 21 sites, to estimate the probability of occurrence of C. anoterus as a function of TT exceedance.
C. anoterus condition factor index (CFI)
This index is based on the assumption that the average condition of C. anoterus adults declines with downstream distance, due to prolonged thermal stress. Due to allometric scaling between body mass and body length in fish (Eq. (3a)) (Ricker, 1968; Peters, 1983; McEwan and Hecht, 1984; Schmidt-Nielsen, 1984) , condition factors were calculated for C. anoterus by dividing mass (g) by length (mm), according to Eq.(3b).
[3a]
[3b]
where: M is body mass (g) L is body length (mm) a is the proportionality coefficient or intercept b is the exponent or slope; and CF is the condition factor.
Differences between condition factors based on sampling dates, and gender, were tested using one-way analyses of variance (no blocking). ANOVAs of length, mass and condition versus sampling dates (May 2000 , October 2000 , May 2001 and May 2002 ; and length, mass and condition vs. gender (male and female), were performed, with the hypothesis (p<0.01) that sampling dates and gender had no effect on body length, mass or condition. While it is recognised that condition factor is not independent of length or mass, being a function of both of these, it nevertheless represents a useful measure of the relationship between length and mass. Due to the inter-annual variation in condition, condition factors based on data from all five electro-fishing surveys were combined to provide a larger data set, although it is recognised that a more reliable relationship between condition and downstream distance should be based on data collected at the same time each year, for a number of years.
A box-and-whisker plot was used to illustrate the relationship between condition factor variability and downstream distance. A final step in using the condition factor as an index of thermal change was to determine whether a trend existed between the condition factor, and downstream distance (km) along the longitudinal axis of the Sabie River.
Results
Water temperature threshold
The TT for C. anoterus was calculated using Eq. (2) to be 25°C. OT was estimated by taking the midpoint in the temperature range of C. anoterus, which was in turn estimated using the absolute minimum (10.3°C) and maximum (31.5°C) hourly water temperatures recorded at the upper and lower sites that C. anoterus was recorded at throughout the survey period (Rivers-Moore, 2003) . A typical species distribution curve based on relative abundances of C. anoterus for May 2001, which was the most comprehensive survey along the longitudinal axis of the Sabie River, is provided in Fig. 2 . In the absence of available data, UUILT was conservatively estimated by adding two degrees to the upper limit temperature. Sensitivity analyses were undertaken on the threshold temperature by adjusting the UUILT by ±2°C (i.e. 0 and 4°C), which gave TT values of 24.3 and 25.7°C respectively. Annual frequency of exceedance of a 25°C TT is shown in Table 1 . A subset of the annual frequency of exceedance of TT for the Sabie River was plotted as a function of downstream distance (Fig. 3) , as well as the TT values of 24.3 and 25.7°C, as part of the sensitivity analyses. Similar trends were apparent for all three TT values. The annual probability of occurrence (p) (p < 0.001) of C. anoterus was calculated for the annual frequency (Eq. (4)) of exceedance of a 25°C TT in the range 0 to 240 d (Fig. 4) . The annual frequency of exceedance of TT at which the probability of not finding C. anoterus vs. finding C. anoterus at a site was greater than 0.5 was 196 d. Additonally, annual probabilities of occurrence were calculated for TT of 24.3 and 25.7°C as part of the sensitivity analyses of this model. These threshold values had the effect of increasing or decreasing the annual frequency of exceedance of TT, at which the probability of not finding C. anoterus at a site was greater than 0.5, from 196 d to 225 and 173 d respectively.
[4]
where:
x is annual 25°C TT exceedance.
C. anoterus CFI
The relationship between mass and length for C. anoterus was shown to be significant (n = 360; R 2 = 0.85) ( Fig. 5) , and could [5]
M is mass (g) L is length (mm).
Based on the analyses of variance to test for the effects of sampling date and gender on the length, mass and conditions of C. anoterus adults, length did not vary between sampling dates, but mass and condition did vary significantly (p < 0.01) between sampling dates (Table 2) . Conversely, length tended to be significantly greater for males than females (p < 0.01), although there were no significant differences in mass or condition between male and female C. anoterus adults (Table 3) . Thus, in calculating the condition index, data for lengths and masses of male and female C. anoterus need not be separated.
A box-and-whisker plot (Fig. 6 ) of condition factor (as a combined data set from all five electro-fishing surveys for the sites on the Sabie River; n = 629) vs. downstream distance the Sabie River showed that, while the range in condition factor was greatest at the upstream sites, the median condition factor was highest upstream, and decreased with downstream distance.
The linear relationship between the mean condition factors of C. anoterus and downstream distance 
TPC for thermal heating in the Sabie River
The cumulative water temperature threshold at which the probability of finding C. anoterus was less than 0.5 was chosen as the threshold water temperature value of concern. It is proposed that exceedance of the C. anoterus TT of 25°C by 196 d according to a 7 d moving average of maximum daily water temperatures of the Sabie River for the annual period 1 June to 31 May provides a TPC that can be usefully applied by river managers monitoring this system. This coincides with the thermal reach extending from 128 km downstream from the top of the catchment to 138 km downstream (Fig. 1, points A to B) . Sensitivity analyses based on changing the UUILT by ±2°C showed that the 'critical' thermal reach for C. anoterus moved downstream (to ca. 130 to 140 km) for a TT of 24.3°C, while it remained unchanged for a TT of 25.7°C, based on the data resolution in this research. Biological indicators of the TPC are the presence of C. anoterus, and the average condition factor of these fish during May of each year. The correlation between a 25°C TT and condition factor provides a quantifiable measure of exceedance of this TPC (Fig. 8) . The relationship between the frequency of exceedance of TT and condition is generally inversely proportional, with condition decreasing as the duration of TT exceedance increases.
The predicted average fish condition factors for this reach, calculated from Eq.(6), are 1.39 and 1.28 respectively.
Discussion
General considerations
The approach described in this paper provides a generic technique for linking an abiotic stressor to a biotic index, thereby providing an initial means for assessing ecologically significant warming trends in Southern African river systems. Fish condition factor indices and presence/absence data have the potential to be used as surrogate measures of the degree of heating within different Southern African river systems, as highlighted by this research on sections of the Sabie River. The logistic regression model provides a useful technique for choosing a threshold temperature corresponding to a chosen probability of finding adults of C. anoterus within certain river reaches, since the probability of occurrence of C. anoterus could be linked to an annual index of heating within the Sabie River. Simple sensitivity analyses showed that the approach proposed in this research is robust. 
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The use of a CFI has the advantage of being independent of relative abundances, which is significant since population size in fish has been shown to be highly variable both temporally and spatially (Harris, 1995; Jobling, 1995) , and discerning the importance of natural vs. anthropogenic changes using abundances is difficult (Harris, 1995) . A fish condition factor has the potential to be used as a suitable index to reflect annual changes in water temperatures. However, such condition factors are recognised as contentious, being potentially confounded by additional sources of variability such as nutrition, season, maturity of individuals, gender, intra-and inter-specific competition and the life stage sampled (Ricker, 1968) . Adult C. anoterus fish may lose condition in the downstream reaches of the Sabie River due to factors other than water temperatures, such as increased predation and inter-specific competition associated with the increase in species diversity and richness. Nevertheless, the CFI provides a practical means for river managers to evaluate average population response of C. anoterus to thermal stress.
Usefulness of TPCs and system thresholds
Given their importance, changes in water temperatures are likely to have substantial impacts on the fish communities in Southern African rivers, including those of the Sabie catchment. These are likely to be a consequence of changes in the drivers and buffers of water temperatures, including, inter alia, flow volumes and air temperatures. Hydro-ecological science and management should aim to understand species patterns, as a reflection of abiotic and biotic processes acting on individuals at the micro scale (Vannote et al., 1980; Frissel et al., 1986) . Unravelling these complex species patterns in the context of environmental drivers has been described as 'ecological detection' by Hilborn and Mangel (1997) . Such hydro-ecological studies are increasingly interdisciplinary, with research focussing on, inter alia, the relationships between water quantity and quality, the importance of variability and scale, and the use of biological indicators of river health. A growing awareness of the complexity of natural systems is being encapsulated within management strategies, which are moving away from rigid approaches towards strategies that recognise uncertainty. There is a growing recognition, particularly since the 1980s, of the importance of variability in maintaining river health (see for example Schindler, 1987; Gunderson et al., 1995; Richter et al., 1996; Reynolds, 1998) .
The use of TPCs provides a practical means towards managing for system variability, as well as providing testable hypotheses based on the level of system understanding. Fundamental to defining a robust TPC is to establish baseline conditions (Noss, 1990) , since adaptive management initiatives are generally concerned either with ecological restoration of a system, or managing for a desired future state, preferably based on reference conditions. The broader scientific context of the abovementioned points, assuming a need for management of the Sabie catchment's rivers, will be a cycle of ongoing assessment, application/rejection, and refinement of the management approach. Management strategies need to be adapted as new data and insights emerge (Dawe et al., 2000) , which can only be achieved with long-term monitoring programmes. This iterative approach aims to reinforce the fundamental science that should underpin effective management of natural systems, as emphasised by Moss (1999) .
Since it is not always possible to distinguish managementcaused temperature exceedances from natural conditions (Essig, 1998), long-term environmental monitoring programmes are of increasing importance in distinguishing between natural variation and low-level effects of perturbations in ecosystems (Schindler, 1987) . We feel that in order to initially make greater use of the proposed water temperature TPC, a primary research priority is to extend observed water temperature time series for as long as possible, together with subsequent May electrofishing surveys in the Sabie River to test the stability of the C. anoterus CFI to downstream distance relationship. Refinement of the estimated temperature threshold for C. anoterus would complement these data.
A pertinent question arising from this research is: 'Are TPCs valid for abiotic drivers over which there is little direct management control?' From a pragmatic management perspective, streamflow within the rivers of the Sabie catchment is the most manageable abiotic parameter. Indirect management of water temperatures is possible by targeting those drivers and buffers of thermal regimes that can be directly managed. This would include appropriate management of riparian zones, the maintenance of natural flow variability, and careful consideration of the economic benefits vs. ecological costs of streamflow regulation through the building of impoundments. Changes in ambient water temperatures, linked to global/regional climate change, could be managed by ensuring that the system has the capacity to respond i.e. that it retains its resilience. A second identified research priority is therefore a focus on system resilience, which should include an understanding of the contributions of seasonality and variability to river ecosystem functioning, as well as the relationships between these and 'manageable' components, of the thermal regimes of the main rivers of the Sabie catchment. One research goal, for example, could be to focus on understanding how different fish species respond to changes in water temperatures, and ensuring that movement corridors exist for fish to respond to changes in water temperatures. The use of simple models to generate scenarios of fish response to thermal stress under different environmental conditions (for example, flow reduction or increased air temperatures) is a useful approach, as outlined by Rivers-Moore (2003) . Basic ecological studies of key fish species are desirable, focusing on their life-histories and tolerances of environmental stress, such as changes in flow volumes and water temperatures. This should include laboratory studies, although it is recognised that results may not be directly transferable to river systems due to the potential influence of modifying factors not easily mimicked by laboratory studies (Dunham et al., 2003) . While laboratory studies may not be able to replicate a species environment (i.e. its realized niche), they are useful in quantifying specie's response to individual abiotic variables, thereby providing a measure of the fundamental niche space for each variable.
We feel that while the approach of using TPCs remains a useful adaptive management tool, a reappraisal of the way in which TPC exceedances are measured is needed. We are unable to say how long a thermal TPC could be exceeded before management actions, if any, should be taken. Such a dilemma could partly be addressed in the future by refining temperature thresholds for both fish and invertebrate species perceived to be of key importance within managed river systems. Adding confidence intervals to such thresholds might provide a suitable 'trigger' response once a threshold has been exceeded beyond its confidence limits, within the context of a broader understanding of system variability. The proposed TPC only becomes useful within a broader scientific context by identifying the natural range of system variability, particularly on a long-term basis, and recognising when this has been exceeded (Schindler, 1987) . A TPC for water temperature within the Sabie River, in its current state, nevertheless remains useful to river managers, as it provides an additional indication of system stress, ideally within a suite of TPCs aimed at detecting system change at a range of spatial and temporal scales.
